Lepton number as a fourth color is an intriguing theoretical idea which is combined with a possible left-right symmetry within the famous Pati-Salam (PS) model. In the conventional PS model, a spontaneous breaking of the PS gauge group down to the SM one can only take place at very high scales (above the PeV scale) due to the stringent bounds from KL → µe and K → πµe induced by the resulting vector leptoquarks. In this paper, we show that these constraints can be avoided once additional vector-like fermions are introduced and thus a breaking at the TeV scale is possible. We consider the flavour phenomenology of this model in the context of the intriguing hints for new physics in semileptonic B decays. The necessary violation of lepton flavour universality is induced by mixing SM and vector-like fermions. Concerning R(D) and R(D * ) we find that sizable effects are possible while respecting the bounds from other flavour observables but predicting a large enhancement of Bs → τ + τ − . Furthermore, also in b → s + − transitions the observed deviations from the SM predictions (including R(K) and R(K * )) can be explained with natural values for the free parameters of the model without any fine-tuning, predicting sizable decay rates for b → sτ µ. Finally, the anomaly in anomalous magnetic moment of the muon can be accounted for by a loopcontribution involving the vector leptoquark and vector-like leptons.
I. INTRODUCTION
Until now, the Large Hadron Collider at CERN did not directly observe any particles beyond the ones present in the Standard Model (SM) of particle physics. However, we have accumulated intriguing hints for lepton flavour universality (LFU) violation in semi-leptonic B decays within recent years. Most prominently, there exist deviations from the SM predictions in b → sµ + µ − above the 5 σ level [1] 1 and the combination of the ratios R(D) and R(D * ) differs by 4.1 σ from its SM prediction [9] . While R(D) and R(D * ) measure LFU violation in the charged current B decays of the type b → c ν, the fit to the b → s + − data also suggest the violation of LFU due to the measurement of R(K) [10] and R(K * ) [11] . This implies a possible connection between these two classes of anomalies and motivates to search for a simultaneous explanation [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] .
The vector leptoquark SU (2) singlet with hypercharge −4/3 is a natural candidate for a simultaneous explana- * Electronic address: calibbi@itp.ac.cn † Electronic address: andreas.crivellin@cern.ch ‡ Electronic address: tli@itp.ac.cn 1 Including only R(K) and R(K * ) in the fit the significance is at the 4 σ level [2] [3] [4] [5] [6] [7] [8] .
tion of R(D) and R(D * ) together with b → s + − data. First of all, it automatically fulfills the requirement that down-quarks do not couple at tree level to neutrinos and therefore avoids the stringent bounds from B → K ( * ) νν. This allows for large flavour violating couplings to quarks such that one can get a sizable effect in R(D) and R(D * ) with TeV scale masses such that the bounds from direct searches [29] as well as from electroweak (EW) precision data [30] can be avoided [25] . In addition, unlike models with charged Higgses [31] [32] [33] [34] [35] [36] , the vector leptoquark leaves the q 2 distribution in R(D ( * ) ) invariant (which is in good agreement with data [37] [38] [39] ) and does not lead to an huge enhancement of B c → τ ν which is incompatible with experiments [38, [40] [41] [42] . Finally, it gives a C 9 = −C 10 -like effect in b → s + − transistions and therefore gives a good fit to data. However, a compelling renormalizable model giving rise to this leptoquark is still missing.
Interestingly, the vector leptoquark singlet with hypercharge −4/3 is contained within the theoretically very appealing PS model as a SU (4) gauge boson. However, in the conventional model, the bounds on the symmetry breaking scale from K L → µe and K → πµe are so strong (at the PeV scale) [43, 44] that any other observable effects in flavour physics are ruled out from the outset. In this article, we will construct a model based on the Pati-Salam gauge group in which the bounds from K L → µe and K → πµe can be avoided making a TeV scale realization possible 2 . This goal is achieved by adding three generations of vector-like fermions to the original model. After mixing of these heavy vector-like fermions with the light SM-like ones, the model gives interesting effects in flavour physics, in particular, it could explain the hints for new physics in b → s + − , R(D ( * ) ) and also the measurement of the anomalous magnetic moment (AMM) of the muon. The couplings of the SM quarks and leptons to the vector leptoquarks are induced by the above-mentioned mixing itself, which can be generation-dependent, hence giving rise to lepton flavour non-universal effects.
II. THE MODEL
Our starting point is the PS model [46] with the gauge group SU (4) × SU (2) L × SU (2) R . Thus, left-handed fermions are SU (2) L doublets and right-handed fermions form SU (2) R doublets. This necessarily leads to the introduction of three right-handed neutrinos. In our model, we extend the fermion content of the original model having now 6 fermion fields X
as well as (at least) two more Higgs field Σ 1,2 . These fields transform under the PS gauge group and one additional PecceiQuinn-like U (1) group as Here the superscripts L and R label the chirality of the fields and i = 1, 2, 3 is a flavour index. In the following we will not explicitly specify the EW symmetry breaking sector whose Higgs fields are therefore not included in Table I . However, we know that due to the decoupling theorem, the symmetry breaking sector must reduce, in the limit of heavy additional Higgses, to one light SU (2) doublet with vev v giving rise the chiral fermion and weak gauge boson masses. A possible completion of the abovesketched model, including the EW-breaking sector, will be given in the Outlook. In our phenomenological discussion, we are not considering the implications of the extended Higgs sector, but rather we only include the pseudo-Goldstone bosons by working in unitary gauge. This approach is model independent in the sense that including additional physical Higgses would imply focusing on a specific UV realization of the model.
A. Fermion masses
), we can write down the following mass terms after Σ
Here a and b are SU (4) indices, and we denoted the Yukawa-like couplings by x ( ) ij and y ( ) ij . Note that our assignment for the PQ charges avoids bare mass terms for the fermions before PS symmetry breaking. Therefore, the masses of the vector-like fermions are, for perturbative couplings, at most of the order of the SU ( 
we see that Q and q are SU (3) c triplets corresponding to quarks, while and L are SU (3) c singlets and thus correspond to leptons. Expanding Eq. (1) into components we find
with , such that the mass terms are dominantly given by:
Without loss of generality, one can choose M Q and M L to be diagonal in flavour space. Assuming the following flavour structure,
the mass matrices for quarks and leptons decompose each into three (one for each generation) rank one matrices diagonalized by the rotations
As stated above, we do not explicitly specify the UV completion of the Higgs sector responsible for the EW symmetry breaking but rather use the decoupling theorem asserting that there is one light SU (2) L doublet with vev v giving rise to the chiral fermion and weak gauge boson masses. We can now write down the usual Yukawa couplings and diagonalize the resulting 3 × 3 matrices using biunitary transformations
with q = u, d and the corresponding expression for righthanded fields. For our final results, only the misalignment between left-handed quark and leptons
as well as the CKM matrix V
ji are important. Note that in the following, we work in the down basis, i.e. CKM rotations are only present once left-handed up-quarks are involved. We neglect Higgs couplings involving chiral and vector-like fermions in our phenomenological analysis.
In analogy to the SU (2) L sector, we embedded the fermions charged under SU (2) R in the following representations:
and the above discussion about masses and mixing can be replicated for the RH fermions of the SM.
B. Couplings of fermions to gauge bosons
After SU (4) symmetry breaking, its 15 generators correspond to 8 massless gluons, 6 leptoquarks (V µ +V µ ), and one B − L gauge boson. As we can see from Fig. 1 , after mixing of q ( ) with Q (L) the couplings of the B − L gauge boson remains flavour universal, as a result of the unitarity of the mixing matrices, with strength g s / √ 6 (−3g s / √ 6) for quarks (leptons). Since we do not completely specify the Higgs sector (a possible realization is given in the Supplementary Material), we take the masses of the B − L gauge boson and the leptoqaurks as free parameters. The masses should be of the same order, but due to the strong constraints from Z searches, we assume that the B −L gauge boson is heavier than the leptoquarks. Such mass splitting can be achieved by additional fields contributing to the PS symmetry breaking belonging to a symmetric representation of SU (4). Furthermore, the limit on the Z mass can be significantly weakened by introducing additional fermions which are charged under B − L only. This does not only decrease the branching ratio to muons (the mode which gives the strongest bound) but also increases the total width, making the detection more difficult. Finally, as we will see later, if we only aimed at a smaller effect in b → cτ ν processes rather than accounting for the central value, the gauge bosons (including the Z ) can be heavier.
Let us now consider the couplings of the vectorleptoquark V µ . Here, the rotations in Eq. (7) induced by the mixing between vector-like and SM fermions do not drop out, as it is apparent from Fig. 1 . In addition, after EW symmetry breaking, the misalignment between the rotations needed to diagonalize the light quark and lepton mass matrices U q L f i , cf. Eq. (9), enters in the coupling of V µ with the SM fermion doublets:
Considering for illustration only the second and third generations, which are of interest for our phenomenological study, we find
Here s q 23 , c q 23 are the rotations induced by the misalignment between the SM Yukawa couplings of quarks and leptons, encoded in Eq. (9) . Recall that we assumed that the first generation quarks and leptons do not mix. Otherwise effects in b → d + − or Kaon decays [47] could arise. This ensures that our model is consistent with the bounds from K L → µe and K → πµe for TeV scale masses. The suppression of the couplings of the vector leptoquark to first generation fermions can be accounted for by a flavor structure of the mixing mass terms m Q,L resembling the strong hierarchy of the SM Yukawas, which can be enforced by an underlying flavor symmetry.
Similarly, couplings of V µ to right-handed leptons and quarks might arise as an effect of the mixing with the vector-like fermions in the SU (2) R sector, i.e. the field embedding in Eq. (10) . Such couplings should be small (but not necessarily zero) due to the observed patterns in R(D ( * ) ) and b → sµ + µ − transitions. In our setup, this can be easily achieved by a mild suppression the SM-like/vector-like fermion mixing in the RH sector.
III. PHENOMENOLOGICAL ANALYSIS
For the calculation of the observables we refer the reader to the supplementary material [48] . Let us first consider R(D) and R(D * ) where the least number of free parameters enters. In order to get a sizable effect, the mixing of L ) where the predicted branching ratio for B → Kτ µ is automatically compatible with the experimental bounds. However, the predicted rate is still sizable and well within the reach of future measurements.
So far, we did not specify the absolute mass scale of the vector-like fermions since it did not enter any of the observables. However, for B s − B s mixing, the masses of the vector-like leptons are crucial. In fact, since we calculated B s − B s mixing in unitary gauge, the effects of Goldstone bosons are automatically included and therefore the result scales proportional to (M L ) 2 (like the SM contribution is proportional to m 2 t ). Thus, in order to respect the B s −B s mixing bounds while still accounting for R(D ( * ) ), rather light vector-like leptons are required. We checked that the B s −B s mixing bounds are respected for masses around 500 GeV. Since these are third generation leptons, this is compatible with the bounds from direct LHC searches [52, 53] . Anyway, since we only included the effect of the Goldstone bosons and not of physical Higgses in this calculation, this should only be understood as a proof that B s − B s mixing does not rule out large effects in R(D ( * ) ). A more precise prediction would require to specify the Higgs sector explicitly and would be therefore subject to more model dependence.
IV. CONCLUSIONS AND OUTLOOK
In this article we presented a renormalizable phenomenologically valid TeV scale model of a vector leptoquarks with flavour dependent couplings. The model is an extension of the PS model obtained by adding three generations of vector like-fermions which are in fundamental representations of SU (4). Our model can successfully address the observed deviations from the SM predictions in semi-leptonic B decays (R(D ( * ) ) as well as in b → s + − transitions) and easily account for the anomaly in the AMM of the muon too, as we discuss below. An explanation of R(D ( * ) ) predicts a significant enhancement of B s → τ + τ − and once also b → s + − is included, sizable rates for b → τ µ processes must occur. Also bounds from B s − B s mixing are respected for not too heavy vector-like leptons.
Finally let us comment of the possibility of including EW symmetry breaking (a possible realization is given in the supplementary material [48] ). The longstanding anomaly in the anomalous magnetic moment (AMM) of the muon at the 3 σ level, might also be related to the B-physics anomalies [17, 19, 25, 35, [54] [55] [56] [57] [58] [59] . Our model can in principle explain this discrepancy, as long as one introduces couplings of heavy down-type quarks to the SM Higgs doublet. Following Eq. (10) Note added -During completion of the article a model of vector leptoquarks also based on the PS group was presented in Ref. [60] . While in our model all fermions transform in the fundamental of SU (4), in Ref. [60] the gauge group contains another SU (3) factor and the SMlike fermions are singlets of SU (4). Also note that in our model only the leptoquark has flavour non-universal couplings while in the model of Ref. [60] also the heavy Z and the heavy gluons in general acquire flavour violating couplings.
